An antibody-targeted radiation therapy (radioimmunotherapy, RIT) employs a bifunctional ligand that can effectively hold a cytotoxic metal with clinically acceptable complexation kinetics and stability while being attached to a tumor-specific antibody. Clinical exploration of the therapeutic potential of RIT has been challenged by the absence of adequate ligand, a critical component for enhancing the efficacy of the cancer therapy. To address this deficiency, the bifunctional ligand C-NETA in a unique structural class possessing both a macrocyclic cavity and a flexible acyclic moiety was designed. The practical, reproducible, and readily scalable synthetic route to C-NETA was developed, and its potential as the chelator of 212 Bi, 213 Bi, and 177 Lu for RIT was evaluated in vitro and in vivo. C-NETA rapidly binds both Lu(III) and Bi(III), and the respective metal complexes remain extremely stable in serum for 14 days.
Introduction
Bifunctional ligands that possess both metal-binding moieties and a linker for conjugation to a targeting biomolecule such as monoclonal antibody (mAb) a have been employed for biomedical and pharmaceutical applications. In particular, development of adequate bifunctional ligands that can efficiently bind a therapeutic or diagnostic metal while being conjugated to a highly sensitive mAb without compromising its biological activity is a critical step for successful antibody-targeted cancer therapy and imaging. Radioimmunotherapy (RIT) has been recognized as a new promising therapeutic modality for treating numerous cancers by employing a tumor-targeting mAb for selective delivery of a cytotoxic radioactive metal while minimizing exposure of healthy cells. [1] [2] [3] The proven efficacy 4 of the first FDA-approved RIT drug, Ibritumomab, for treatment of B-cell non-Hodgkins lymphoma (NHL), has spurred numerous investigations of RIT modality on other cancer types including leukemia and cancers of the breast, colorectum, ovaries, and prostate. 5 The RIT system generally consists of three components: a radionuclide, a mAb, and a bifunctional ligand. 6 The modality requires the use of radioactive metals, which can be very toxic when deposited in vivo in normal tissue. Therefore, the success of clinical applications of RIT heavily depends on the performance of the bifunctional ligand that can rapidly form a stable complex, particularly with a relatively short-lived radioactive metal. Although RIT holds great promise for the treatment of many cancers, as evidenced by Ibritumomab therapy (overall response rate of ∼80%), 7 active clinical exploration of RIT using a variety of antibodies and cytotoxic radionuclides has been challenged by the absence of adequate bifunctional ligands that can bind the radionuclides with clinically acceptable kinetics and in vivo stability and thereby allow for practical and large-scale production of stable radioimmunoconjugates. Bone-marrow toxicity is reported to be a major side effect of Ibritumomab therapy, which has been proposed to be related to deposition of 90 Y (t 1/2 ) 64.1 h, E max ) 2.3 MeV), the bone-seeking radionuclide prematurely leaking from the radiolabeled antibody conjugate. 5, 8 Research efforts have been directed toward the development of adequate bifunctional ligands for sequestering metallic radionuclides for RIT applications. The most frequently explored macrocyclic ligand for RIT, C-DOTA [2-(p-NO 2 -Bn)-1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′′′-tetraacetic acid, Figure 1 ] forms a very stable complex with radionuclides. 9, 10 However, the extremely slow complex formation rate under mild conditions [11] [12] [13] was found to be problematic in many RIT applications, particularly for short half-lived R-emitters such as 213 Bi (t 1/2 ) 47 min). 10 Acyclic C-DTPA [2-(p-NO 2 -Bn)-diethylenetriaminepentaacetic acid, Figure 1 ] rapidly forms a complex with radionuclides but is unstable, both in vitro and in vivo, resulting in toxic side effects. 14 The acyclic ligand 1B4M-DTPA [2-(p-NO 2 -Bn)-6-methyl-DTPA, Figure 1 ] 15 displays significantly improved complexation kinetics with several radionuclides as compared to C-DOTA. However, the corresponding complexes are still less stable both in vitro and in vivo compared to metal-DOTA complexes. 16 Despite this shortcoming, 1B4M-DTPA is a component of the clinically approved Ibritumomab primarily due to practical and reproducible radiolabeling chemistry. 17 In an effort to develop an improved bifunctional ligand for RIT, we have designed C-NETA ({4-[2-(bis(carboxymethyl)-amino)-3-(4-nitrophenyl)propyl]-7-carboxymethyl [1, 4, 7] triazonan-1-yl}acetic acid) in a unique structural class integrating both a macrocyclic and an acyclic moiety for metal binding. In this new bifunctional ligand, the macrocyclic component chosen is based upon 1,4,7-triazacyclononane-N,N′,N′′-triacetic acid (NOTA, Figure 1 ), and the acyclic component is a pendant bis(carboxymethyl)amino donor group appended by an ethylene bridge to the macrocyclic ring. The cooperative and bimodal binding of the acyclic pendant donor groups coupled with the macrocyclic effect of the NOTA substructure is hypothesized to accelerate complexation with the metals while maintaining a high level of complex stability. The strategy is to use acyclic pendant donor groups to rapidly "capture" and initiate coordination to the metal, as in the case of DTPA. Thereafter, the macrocyclic component will envelop the cation trapped in the acyclic donor groups by wrapping around the metal ion to achieve maximum complex stability by saturating the metal coordination sphere, as in the case of DOTA. NOTA is known to be an inadequate chelate for lanthanides by virtue of its cavity size, an insufficient number of donors to saturate the coordination sphere, and an inability to assume an optimal geometry for the six donor groups toward the metal ion. 18 The new bimodal ligand C-NETA is proposed to permit orientation for all donors to assume an optimal geometry with coordination sphere saturation, whereas cavity size becomes irrelevant with the metal sitting above the plane of the ring nitrogens.
Among the metallic radionuclides proposed for effective RIT, 212 Bi, 213 Bi, and 177 Lu are of particular interest. 19 The shortlived R-particle emitters, 213 Bi (t 1/2 ) 45.6 min) and 212 Bi (t 1/2 ) 60.6 m), were found to be very effective in inducing apoptosis even with a single particle traversal of the cell. 20, 21 The --emitting radionuclide, 177 Lu (t 1/2 ) 6.7 days), possesses an imageable γ-emission (E max ) 208 keV), which allows for imaging during cancer treatment. Its less energetic
-(E max ) 0.5 MeV) and thus shorter cell-killing range may be effective for treating smaller lesions while minimizing normal tissue damage. 22 We herein report the synthesis and evaluation of C-NETA as a potential bifunctional chelator of 212 Bi, 213 Bi, and 177 Lu for cancer RIT. Complexation kinetics of C-NETA with Bi(III) and Lu(IIII) are determined using a UV spectroscopic Arsenazo III assay. In vitro and in vivo stability or dissociation of C-NETA labeled with 205/6 Bi and 177 Lu is evaluated in human serum and mice, respectively.
Results and Discussion
Synthesis of C-NETA and C-NETA Analogues. The synthetic strategy for the preparation of the bifunctional ligand C-NETA (Scheme 1) involves synthesis of 9 and 10 from readily available starting materials and their coupling reaction. The practical, reproducible, and readily scalable synthetic route and efficient purification of all precursor molecules for macrocyclic ligand backbone 12 was developed (Scheme 2). Racemic p-nitrophenylalanine 3 was prepared from the reaction of deprotonated diethyl acetamido malonic ester 1 and p-nitrobenzyl bromide and subsequent decarboxylation and removal of the acetyl protection group in 2. The simple two-step reaction route to the amino acid 3 does not involve column chromatographic purification and allows for the preparation of 3 in large quantities and high yield instead of employing the commercially available but relatively expensive amino acid 3. The amino acid 3 was converted to methyl ester 4, which was reduced to alcohol 5. Protection of the amino group in 5 with BOC-ON followed by reaction with TsCl provided precursor molecule 7 for synthesis of the backbone framework molecule 11 of C-NETA. N-BOC-protected 1,4,7-triazacyclononane (TACN) 10 was prepared from TACN according to a modification of an established method. 23 Base-promoted coupling reaction of 7 with 10 in CH 3 CN was attempted using K 2 CO 3 . However, the reaction afforded oxazolidinone 8 from intramolecular cyclization of 7 instead of the desired macrocycle 11. Due to this unsuccessful intermolecular substitution, N-BOC-protected aziridine 9 was prepared by treatment of 7 with NaH and further reacted with 10 to provide N-BOC-protected macrocycle 11 in high yield (72%), and subsequent removal of BOC groups afforded tetraamine backbone 12. All precursor molecules 2-12 were prepared and purified in large quantities using recrystallization or after simple workup without extensive column chromatography. Compound 12 as its HCl salt was reacted with tert-butyl bromoacetate in DMF at 90°C to provide tert-butyl C-NETA 13 in 54% yield (Scheme 3). Compound 13 was further treated with 4 M HCl/1,4-dioxane to provide the desired bifunctional ligand C-NETA (14) in the nitro form.
AAIII Complexation Kinetics of NETA with Bi(III) and Lu(III). The complexation kinetics of new ligands with Bi(III) and Lu(III) was determined using a spectroscopic competing reaction with AAIII according to a modification of a previously reported procedure. 12 AAIII is known to form a weak complex with many different metals, which produce a UV-vis absorbance maximum at ∼652 nm. However, uncomplexed AAIII absorbs little at this wavelength. When introduced to a solution containing the AAIII-metal complex, a chelate can compete with AAIII for the metal. If the chelate is more capable of binding the metal than AAIII, the metal will dissociate from the AAIII complex and form a complex with the chelate leading to the decrease in the absorbance at the wavelength. The absorbance (A 652 ) for the AAIII-Bi(III) or AAIII-Lu(III) complex was measured in the absence and in the presence of the ligands over 1 h at room temperature ( Figures  2-4) . The complexation result of C-NETA was compared to that of C-DOTA, which is known to form an inert complex with metallic radionuclides, but with extremely slow kinetics.
Scheme 1. Retrosynthetic Route to C-NETA
AAIII is known to form a relatively stable complex with Bi(III) producing strong UV-vis absorbance at 652 nm in solution over the pH range of 1.5-4.0. 24 Because of the lack of literature on AAIII-Bi(III) assay for complexation reaction kinetics, a series of experiments to measure the maximum absorbance and stability of the Bi(III)-AA(III)complex were performed using Bi(III)-AAIII solution in NH 4 OAc (0.15 M) in the pH range of 1.5-4.0 (Figures 2 and 3) . No kinetics experiments at a pH >4.0 were performed, as Bi(III)-AAIII complex produced an unstable maximum absorbance. In NH 4 OAc buffer solution (pH 2, Figure 2 ), C-DOTA showed an extremely slow complexation with Bi(III), as expected. 9 C-NETA displayed a greatly enhanced complexation kinetics compared to C-DOTA. Complexation of C-NETA with Bi(III) was essentially complete very shortly after the starting point of the measurement. At higher pH (0.15 M NH 4 OAc, pH 4), C-DOTA exhibited increased complexation kinetics, and C-NETA exhibited consistently rapid complexation kinetics ( Figure 3 ). However, both ligands reached the reaction equilibrium, producing a saturation curve (A 652 ∼ 0.008). The complexation kinetics of Lu(III) was determined at pH 4.5, as hydrolysis occurs at a higher pH, 12, 25 and both ligands displayed no substantial complexation with Lu(III) at a pH <4. Radiolabeling. C-NETA was radiolabeled with 205/6 Bi and 177 Lu as described previously. 26 The radiolabeling reactions were performed at both room temperature and an elevated temperature (80°C). C-NETA was successfully labeled with both 177 Lu and 205/6 Bi both at room temperature and at 80°C in 1 h in >90% yield. All of the formed complexes were purified via ion-exchange chromatography. C-NETA was labeled with 205/6 Bi both at room temperature and at 80°C with respective radiochemical yields of 95 and 94% as determined by radio-TLC. C-NETA was successfully labeled with 177 Lu both at room temperature and at 80°C in excellent radiochemical yield (94.3 and 94%, respectively) as determined by radio-TLC. The purified complexes were immediately prepared for serum stability or biodistribution work as outlined under Experimental Section.
In Vitro Stability of C-NETA Radiolabeled with 205/6 Bi and 177 Lu. 205/6 Bi-C-NETA and 177 Lu-C-NETA were prepared at room temperature and purified via ion-exchange chromatography. In vitro serum stability of the radiolabeled complexes was performed to determine if C-NETA labeled with 205/6 Bi and 177 Lu remained stable without transchelation or loss of their respective radionuclide in human serum. This was assessed by measuring the transfer of radionuclide from the complex to serum proteins over 14 days. No measurable loss of radioactivity from 205/6 Bi-C-NETA was recorded out to 14 days. C-NETA radiolabeled with 177 Lu was stable in serum for up to 14 days without any measurable loss of radioactivity.
In at room temperature and purified via ion-exchange chromatography. The in vivo stability of the radiolabeled complexes was evaluated by performing biodistribution studies in normal athymic mice as described previously. 26 Blood levels and organ uptake of the radiolabeled complexes in mice were measured at five time points, 0.5, 1, 4, 8, and 24 h postinjection of C-NETA radiolabeled with 205/6 Bi or 177 Lu. The results of the biodistribution studies for the radiolabeled complexes are shown in Figures 5 and 6 . The data in Figure 5illustrate that C-NETA radiolabeled with 205/6 Bi displayed extremely low radioactivity levels in the blood and all of the organs except for kidney at all time points.
205/6 Bi-C-NETA displayed relatively slow clearance from the kidney. At 24 h, kidney uptake of the complex was 6.06 ( 1.34% ID/g. The 177 Lu-radiolabeled C-NETA complex was essentially inert in vivo and resulted in rapid blood clearance and very low organ uptake (Figure 6 ). At 24 h, uptake levels in the liver and bone were 0.56 ( 0.01 and 0.19 ( 0.08% ID/g, respectively. This low uptake is noteworthy in that unstable complexes radiolabeled with lanthanides were found to exhibit high liver/bone uptake. 27 Higher uptake of 177 Lu-C-NETA was observed in the kidney compared to other organs over all time points. Kidney uptake peaked at 2.98 ( 1.24% ID/g at 0.5 h and then decreased to 0.59 ( 0.12% ID/g at 24 h.
Conclusion
The structurally novel bifunctional ligand C-NETA was prepared and evaluated for its complex stability and kinetics with Bi(III) and Lu(III) to ascertain potential for use in cancer radioimmunotherapy. C-NETA binds either Lu(III) or Bi(III) with significantly enhanced complexation kinetics compared to the frequently explored ligand C-DOTA as evidenced in AAIII assay studies. C-NETA is efficiently radiolabeled with both 205/6 Bi and 177 Lu at mild conditions. C-NETA labeled with 205/6 Bi and 177 Lu at room temperature was stable in human serum without releasing any measurable radioactivity for 14 days, respectively. C-NETA radiolabeled with 177 Lu displayed excellent in vivo stability as evidenced by rapid blood clearance and very low organ uptake.
205/6 Bi-C-NETA possesses an acceptable biodistribution profile with rapid blood clearance and low radioactivity level at the organs other than the kidney.
In summary, the novel chelate C-NETA was designed on the basis of bimodal binding using both macrocyclic and acyclic moieties in the chelate. The complex stability and kinetics data suggest that C-NETA holds great promise for RIT of 205/6 Bi and Reagents. All reagents were purchased from Aldrich and used as received unless otherwise noted. Arsenazo III [AAIII, 2,2-(1,8-dihydroxy-3,6-disulfonaphthylene-2,7-bisazo)bis(benzenearsonic acid)] and lutetium and bismuth atomic absorption standard solutions were purchased and used as received. 177 Lu in the chloride form was obtained from NEN Perkin-Elmer.
205/6 Bi was produced using a CS30 cyclotron (PET Department, Clinical Center, NIH) and purified as described previously. Diethyl 2-(Acetylamino)-2-(4-nitrobenzyl)malonate (2). To a three-neck, round-bottom flask fitted with a thermometer, a reflux condenser, and a dropping funnel was added anhydrous EtOH (150 mL). Na (1.71 g, 73.86 mmol) was portionwise added into EtOH, and the resulting mixture was stirred until all sodium disappeared. To the clear NaOEt solution was added a solution of diethyl acetamido malonate 1 (16. 2-Amino-3-(4-nitrophenyl)propionic Acid (3). Diester 2 (10 g, 28.3 mmol) was dissolved in the mixture of CH 3 CO 2 H (85 mL) and concentrated HCl (30 mL), and the resulting solution was maintained under reflux for 24 h while the reaction progress was monitored using TLC. After the reaction was allowed to room temperature, the white solid product precipitated was filtered with washing with isopropanol. The filtrate was evaporated to dryness, and the residue was treated with isopropanol to give a white product, which was recrystallized from isopropanol to afford 3 in a total yield of 6.44 g (90% 13 C NMR spectra of 3 are essentially identical to the data of the commercially available 3.
Methyl 2-Amino-3-(4-nitrophenyl)propionate (4).
A solution of 3 (12 g, 48.7 mmol) in MeOH (200 mL) at 0-5°C was saturated with HCl (g) for 3 h, after which time the mixture was allowed to come to room temperature and then was stirred for 24 h. The precipitate was collected, and the filtrate was concentrated under vacuum to provide product 4 (11.7 g, 98%) as an acidic salt, which was used for the next step without further purification. 
2-Amino-3-(4-nitrophenyl)propan-1-ol (5).
A slurry of 4 (11.2 g, 43.0 mmol) in dry CH 3 OH (5 mL) was treated with Et 3 N (6.45 mL). Anhydrous ether was added, and the solution was cooled at -10°C for 1 h. The triethylamine hydrochloride was filtered off and the filtrate concentrated under vacuum to a light yellow oil. To a solution of the oil 4 in MeOH (100 mL) at 0°C was added in portions NaBH 4 (4.28 g, 107.1 mmol) over 30 min. The resulting mixture was allowed to warm to room temperature and stirred for 4 h. After evaporation of the solvent, the residue was treated with H 2 O (100 mL) and extracted with EtOAc (4 × 150 mL). The combined organic layer was dried, filtered, and concentrated under vacuum to provide white solid 5 (7.93 g, 94%) that was used for the next step without further purification. 
tert-Butyl [2-Hydroxy-1-(4-nitrobenzyl)ethyl]carbamate (6).
To a solution of 5 (10 g, 51.0 mmol) in CH 3 CN (150 mL) at room temperature was added BOC-ON (25.1 g, 102 mmol) in CH 3 CN (200 mL). The resulting mixture was stirred for 4 h and evaporated. The residue was partitioned between ether (200 mL) and 10% NaOH solution (100 mL). The ether layer was separated and washed with water (10 mL) and 10% NaOH solution (10 mL) sequentially. The ether layer was dried, filtered, and concentrated under vacuum. The residue was washed with ether (20 mL) to provide 6 (14.5 g, 96%), which can be used for the next step without further purification. For preparation of an analytical sample, the residue could be purified via column chromatography on neutral alumina eluting with ether. Pure 6 was thereby obtained as a white solid. Toluene-4-sulfonic Acid 2-tert-Butoxycarbonylamino-3-(4-nitrophenyl)propyl Ester (7). To a solution of 6 (7.15 g, 24.1 mmol) and Et 3 N (8.79 g, 86.9 mmol) in THF (50 mL) were added DMAP (50 mg) and TsCl (5.51 g, 28.9 mmol). The resulting mixture was stirred for 48 h at room temperature. Saturated NaHCO 3 solution (50 mL) was added, and the reaction mixture was extracted with ether (3 × 200 mL). The combined ether layers were washed with saturated citric acid (100 mL), H 2 O (100 mL), 5% NaHCO 3 (100 mL), and H 2 O (100 mL). The ether layer was dried, filtered, concentrated to ∼150 mL, and left in the freezer, and the precipitate was filtered while washing with EtOH to provide 7 (10.4 g, 96%) . For preparation of analytical sample, the residue could be purified via column chromatography on silica gel eluting with 30% EtOAc in hexanes. Pure 7 was thereby obtained as a white solid. 1 
4-(4-Nitrobenzyl)oxazolidin-2-one (8).
To a mixture of N-BOCprotected TACN 10 (278 mg, 0.84 mmol) and K 2 CO 3 (116 mg, 4.2 mmol) in CH 3 CN (30 mL) was added 7 (378 mg, 0.84 mmol). The resulting mixture was heated to reflux and stirred for 5 days. The reaction mixture was cooled to room temperature and evaporated to dryness. The residue was purified via column chromatography on neutral alumina eluting with 2% MeOH in EtOAc to provide product 8 as a white solid (141 mg, 76%). tert-Butyl 2-(4-Nitrobenzyl)aziridine-1-carboxylate (9). To a slurry of NaH (0.9 g, 44.6 mmol) in THF (150 mL) at 0°C was added a solution of 7 (9.5 g, 44.6 mmol) in THF (150 mL) over 1 h. The resulting mixture was stirred for 2 h at 0°C and continuously stirred for 6 h at room temperature while the progress of the reaction was monitored by TLC analysis. The reaction mixture was poured into cold saturated NH 4 Cl solution and extracted with EtOAc (2 × 100 mL). The combined EtOAc layer was washed with brine (100 mL), dried, filtered, and concentrated under vacuum. The residue solid was recrystallized to provide 9 (11.8 g, 95%). For preparation of analytical sample, the residue could be purified via column chromatography on silica gel eluting with 15% EtOAc in hexanes. Pure 9 was thereby obtained as a white solid. . Compound 10 was prepared according to a modification of a synthetic procedure reported previously. 23 To a solution of TACN (1 g, 7.7 mmol) in CHCl 3 (25 mL) was added in portions BOC-ON (3.77 g, 15.3 mmol). The resulting mixture was stirred for 72 h and the solvent evaporated under vacuum. The residue was partitioned between 10% NaOH solution (10 mL) and diethyl ether (30 mL). The ether layer was separated and washed with 10% NaOH solution (10 mL) and water (10 mL) several times. The ether layer was dried (MgSO 4 ), filtered, and concentrated under vacuum to provide pure 10 (2.33 g, 95%), which was directly used for the next step. 1 H NMR (CDCl 3 ) δ 1.48 (s, 18 H), 3.01-3.52 (m, 13 H) ; 13 C NMR
Di-tert-butyl 7-[2-tert-Butoxycarbonylamino-3-(4-nitrophenyl)-propyl][1,4,7]triazanonane-1,4-dicarboxylate (11).
To a solution of 10 (5.7 g, 17.3 mmol) in CH 3 CN (20 mL) were added 9 (4.58 g, 16.48 mmol) and diisopropylethylamine (2.34 g, 18.13 mmol). The resulting mixture was refluxed for 5 days, at which time the reaction mixture was cooled to room temperature and evaporated. The residue was purified via column chromatography on silica gel eluting with 25% EtOAc/hexane. Pure 11 (7.2 g, 72%) was thereby obtained as a light yellow solid. 1 in DMF (10 mL) at 0°C were added diisopropylethylamine (1.72 g, 13.3 mmol) and KI (266 mg, 1.6 mmol). tert-Butyl bromoacetate (2.34 g, 4.4 mmol) was added dropwise over 20 min. The resulting mixture was stirred for 2 h at 0°C and for 2 h at room temperature. The reaction mixture was heated to 90°C and stirred for 19 h, after which time the reaction mixture was cooled to room temperature and then to 0°C. HCl (6 M, 0.7 mL) and heptane (20 mL) were sequentially added to the solution. The resulting solution was vigorously stirred for 5 min, and the heptane layer was separated. The aqueous layer was extracted with heptane (2 × 20 mL) and treated with 10% Na 2 CO 3 (10 mL). Additional heptane was added into the aqueous solution, the resulting mixture was stirred for 30 min, and the heptane layer was separated. The combined heptane layers were washed with water (20 mL), dried, filtered, and concentrated under vacuum. The residue was purified via column chromatography on silica gel (220-400 mesh) eluted with 3% CH 3 OH/CH 2 Cl 2 starting from CH 2 Cl 2 (gradual increase of 0.5% polarity) to provide pure 13 (412 mg, 54% + m/z 764.4810. Analytical HPLC (t R ) 31.24 min, method 1). Isolation of 13 from the reaction mixture using semipreparative HPLC (method 3) was also successfully performed. The reaction mixture was dissolved in 1 mL of CH 3 OH, and the fraction at ∼35 min was collected, evaporated, dissolved in CH 2 Cl 2 , and washed with H 2 O. The organic layer was dried, filtered, evaporated, and concentrated under vacuum to afford the desired 13.
{4-[2-(Bis(carboxymethyl)amino)-3-(4-nitrophenyl)propyl]-7-carboxymethyl[1,4,7]triazanonan-1-yl}acetic Acid (14)
. Compound 13 (500 mg, 0.65 mmol) was treated with 4 M HCl in 1,4-dioxane (10 mL) at 0°C. The resulting mixture was stirred at 0°C for 30 min, gradually warmed to room temperature, and stirred for 24 h. Diethyl ether (100 mL) was added into the reaction mixture, which was placed in the freezer for 2 h. The precipitate was filtered, immediately dissolved in water (10 mL), and washed with diethyl ether (20 mL). The aqueous layer was lyophilized to provide pure 14 as a white creamy solid (423 mg, 95% General Procedure for Complexation Kinetics Using AAIII. Ultrapure ammonium acetate (Aldrich, 431311) and hydrochloric acid solution (J. T. Baker, JT6900-5) were purchased and used as received. All buffer solutions were prepared using deionized water (Milli-Q, 18 MΩ). Metal-free stock solutions of all NH 4 OAc buffers (0.15 M, pH 2 or 4) were prepared using Chelex-100 resin (100-200 mesh, Bio-Rad Laboratory, Hercules, CA). Chelex resin (5 g) was added into the buffer solution (500 mL), and the mixture was shaken for 1 h in a shaker (Eberbach), stored in the refrigerator overnight, and filtered through a Corning filter system (no. 430513, pore size ) 0.2 µM). Fifteen micromolar AAIII solutions in 0.15 M NH 4 OAc (pH 4 or 2) were prepared by adding AAIII (5.82 mg) to the NH 4 OAc buffer (500 mL). A solution of Bi(III)-AAIII (7.5 µM) was freshly prepared by mixing AAIII solution (15 µM, 50 mL) in NH 4 OAc buffers (0.15 M, pH 4 or 2) with bismuth atomic absorption standard solution (78.8 µL, 995 µg/mL) and shaken for 2 h in a shaker (Eberbach). The multicell transporter of the UV-visible spectrometer was zeroed against a cell filled with 2 mL of AAIII solution. The solution in each sample cell was removed and filled with 2 mL of Bi(III)-AAIII solution, and the absorbance of the solution at 652 nm was measured for 1 h. Ten microliters of Bi(III)-AAIII solution was then removed from each sample cell, and each of the bifunctional ligands C-DOTA and C-NETA (10 µL, 10 mM) was added into their respective sample cells. Kinetics spectra were collected every 30 s at 652 nm for 1 h.
A solution of Lu(III)-AAIII (1.8 µM) was freshly prepared by mixing AAIII solution (5 µM, 50 mL) in NH 4 OAc buffers (0.15 M, pH 4.5) with lutetium atomic absorption standard solution (15.4 µL, 1014 µg/mL) and shaking for 2 h in the shaker. The resulting solution was stored in a brown bottle in the refrigerator to avoid degradation and disposed of after 24 h. The multicell transporter of the UV-visible spectrometer was zeroed against a cell filled with 2 mL of AAIII solution. The solution in each sample cell was removed and filled with 2 mL of Lu(III)-AAIII solution, and the absorbance of the solution at 652 nm was measured for 1 h. Ten microliters of Lu(III)-AAIII solution was then removed from each sample cell, and each of the bifunctional ligands C-DOTA and C-NETA (10 µL, 10 mM) was added into their respective sample cells; kinetics spectra were collected every 30 s at 652 nm for 1 h.
Radiolabeling of C-NETA. The labeling efficiency was determined by radio-TLC with silica gel plate as the stationary phase and 10% methanol/water as the mobile phase. The complexes formed were purified from free radioisotope, either 205/6 Bi or 177 Lu, by ion-exchange chromatography using a Chelex-100 column (1 mL volume bed, 100-200 mesh, Na , 50 µL, pH 7) . The reaction mixture was incubated at room temperature or 80°C for 1 h. Labeling efficiencies of 95 and 94% were obtained at room temperature and 80°C, respectively. The complex possesses an R f value of 0.8.
To a solution of 1.2 mg (1.75 µmol) of C-NETA in water (40 µL) was added 177 LuCl 3 in 0.05 M HCl (2 µL, 0.5 mCi). The pH of the mixture was adjusted to 5 with 0.15 M ammonium acetate buffer (50 µL, pH 7). The total volume was brought up to 100 µL with water and the reaction mixture incubated at room temperature for 1 h. 177 Lu-C-NETA was obtained with a labeling efficiency of 95.3%. The radiolabeling of C-NETA (1.75 µmol) with 177 LuCl 3 in 0.05 M HCl (0.5 mCi) was performed as described above at an elevated temperature (80°C) overnight to provide the complex (R f ) 0.8) in 93.8% yield.
In Vitro Stability of the Radiolabeled Metal Complexes. The radiolabeled complexes were prepared by reacting C-NETA with 205/6 Bi or 177 Lu at room temperature. The stability of the purified radiolabeled complexes was evaluated in human serum (Gemini Bioproducts, Woodland, CA) for 14 days. The serum stability of the radiolabeled complexes was assessed by measuring the transfer of the radionuclide from each complex to serum proteins using SE-HPLC. Radiolabeled complexes were diluted to an appropriate volume that allowed for preparation of multiple samples containing 5-10 µCi and were filter-sterilized using a Millex-GV 0.22 µm filter. This stock solution was then mixed with 1400 µL of sterile normal human serum. Aliquots (200 µL) were drawn and separated into individual tubes for subsequent analysis using aseptic technique. The samples were incubated at 37°C and, at designated intervals, subjected to analysis by SE-HPLC. Samples were loaded onto the HPLC and eluted with PBS, pH 7.4, isocratically at 1 mL/min. Radioactivity still associated with the chelate typically displayed a retention time of ∼10 min at this flow rate. Radioactivity associated with a transfer to serum proteins generally appeared between ∼4.5 and 8 min.
In Vivo Biodistribution Studies. The radiolabeled complexes were prepared by reacting C-NETA with 205/6 Bi or 177 Lu at room temperature. Female athymic mice were obtained from Charles River Laboratories (Wilmington, MA) at 4-6 weeks of age. The pH of the radiolabeled ligands was adjusted to ∼7.0 with 0.5 M sodium bicarbonate (pH 10.5) and diluted in phosphate-buffered saline. The radiolabeled ligands (5-10 µCi for 205/6 Bi and 177 Lu) were administered to the mice in 200 µL of solution via tail vein injection. The mice (five per data point) were sacrificed by exsanguination at 0.5, 1, 4, 8, and 24 h. Blood and the major organs were harvested and wet-weighed, and the radioactivity was measured in a γ-scintillation counter (1480 WizardOne, PerkinElmer). The percent injected dose per gram (% ID/g) was determined for each tissue. The values presented are the mean and standard deviation for each tissue. All animal experiments were performed in compliance with current regulations and guidelines of the U.S. Department of Agriculture and approved by the NCI Animal Care and Use Committee.
